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Spin-Label Techniques for Monitoring Macromolecular Rotational
Motion: Empirical Calibration under Nonideal Conditions®

Michael E. Johnson

ABSTRACT: Practical techniques are demonstrated for de-
termining rotational correlation times of macromolecules from
the first harmonic absorption electron spin reasonance spectra
of tightly bound spin labels. The techniques are developed to
compensate for such nonideal conditions as residual label
motion, temperature dependence of rigid limit spectral pa-
rameters, and the presence of inhomogeneous line broadening.
These effects are all shown to be of importance in monitoring

Over the last few years there has been increasing interest
in the use of spin-label techniques to monitor macromolecular
motional behavior. In those favorable cases where a spin label
can be rigidly bound to a macromolecule, its electron para-
magnetic resonance (EPR)! spectrum should directly reflect
the motion of the macromolecule itself. Theoretical studies
by McCalley et al. (1972) and Goldman et al. (1972) have
shown that in the slow motion region the apparent hyperfine
splitting can be quantitatively related to the spin-label ro-
tational correlation time. More recently Mason & Freed
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the rotational motion of carbonmonoxyhemoglobin which is
spin labeled with the tightly bound nitroxide label, 4-ma-
leimido-2,2,6,6-tetramethylpiperidinyl-1-oxy. Spin-label in-
teractions with other paramagnetic agents are also shown to
produce spectral changes which are qualitatively similar to,
but quantitatively different from, those resulting from increases
in the rate of rotational motion.

(1974) have predicted that the hyperfine extremal line widths
should be an even more sensitive monitor for rotational motion.

Thus far, however, only the hyperfine splitting measurement
method appears to have been used in monitoring macromo-
lecular motional behavior. Through application of this
technique, McConnell and co-workers have measured the
rotational correlation times of spin-labeled HbO, (McCalley
et al., 1972) and spin-labeled «-chymotrypsin (Shimshick &
McConnell, 1972) in solution and have shown that the
spin-label measurements agree well with the behavior predicted
for Brownian rotational diffusion. In an extension of this work,
Kuznetsov et al. (1975) have used correlation time mea-

! Abbreviations used: EPR, electron paramagnetic resonance; HbCO,
carbonmonoxyhemoglobin; Tempo-maleimide, 4-maleimido-2,2,6,6-
tetramethylpiperidinyl-1-oxy.
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surements, along with the shape asymmetry of a-chymotrypsin,
to determine the orientation of the label nitroxide ring with
respect to the protein matrix.

Most of the work up to the present time has assumed the
tightly bound spin label to act simply as an inert reporter group
for macromolecular motion, exhibiting no independent
motional fluctuations and exhibiting no spectral senstivitiy to
nitroxide interactions with the macromolecules. Recent work
in this laboratory, however, has shown that these assumptions
are not entirely valid (Johnson, 1978; M. Johnson, to be
published). In Tempo-maleimide spin labeled HbCO, which
has often been considered as the prime example of a protein
with an immobilized spin label (McCalley et al., 1972), the
nitroxide exhibits significant motional fluctuation at room
temperature and above. These motional fluctuations can
produce up to 0.3-0.4-G broadening of the hyperfine extremal
line widths for Tempo-maleimide labeled HbCO and as much
as 1-1.2-G broadening for HbCO labeled with the five-
membered nitroxide ring analogue of Tempo-maleimide.
Furthermore, the nitroxide interaction with the HbCO protein
matrix produces a strong temperature dependence in the
intrinsic rigid limit hyperfine separation. In turn, these effects
can cause significant errors in correlation time calculations
if corrections are not made.

The present communication describes methods for cali-
brating the spin-label line width and hyperfine splitting
measurement techniques to accurately monitor macromo-
lecular rotational diffusion even in the presence of such
nonideal conditions as having residual label motion and
substantial temperature dependence of the label magnetic
parameters. The specific advantages and limitations of each
measurement method are demonstrated.

Materials and Methods

Membrane-free HbCO was prepared and spin labeled with
Tempo-maleimide by the methods described previously
(Johnson, 1978). Sucrose solutions with concentrations
ranging from 5% to 55% (w/v) were prepared at 5% intervals
using reagent grade sucrose and glass-distilled water.
HbCO-sucrose solutions for variable viscosity studies were
then prepared by adding desalted 30-35% HbCO to the
sucrose solutions in a ratio of 1:10 to give a final HbCO
concentration of approximately 3%. Solution viscosities were
calculated from the empirical relations of Barber (1966).
Immobilized HbCO samples were prepared by combining
labeled and unlabeled HbCO in a molar ratio of 1:2 and
precipitating the resulting solution with saturated (at 4 °C)
ammonium sulfate at pH 7.

The effects of additional paramagnetic agents upon the EPR
spin-label spectra were studied by adding aliquots of 0.5 M
NiCl, in Tris buffer, pH 7.0, to desalted HbCO solutions.
Concentrations were adjusted to maintain a constant HbCO
concentration of 9.1 g/dL with increasing Ni concentration.
Temperature was held constant at 1.4 °C during spectral
measurements.

Spin-label EPR spectra were measured on a Varian E-112
spectrometer equipped with an E-257 variable temperature
accessory. A microwave power of 5 mW was found to in-
troduce no observable saturation line broadening at tem-
peratures above 0 °C and was used for all measurements unless
otherwise noted. No perceptible line broadening was observed
at a modulation level of 1 G; thus this modulation amplitude
was used at all temperatures.

Line widths and hyperfine separations were measured using
40 and 100 G sweep widths, respectively. Sweep widths were
calibrated from the tetracyanoethylene anion in dimethoxy-

ethane (Polnaszek, 1976) and from the residual Mn?* in SrO
(Bolton et al., 1972). Temperature was measured using a
copper—constantin thermocouple and a Honeywell Model 2746
potentiometer. The relative precision of any one measurement
with respect to another measurement is estimated to be ap-
proximately £0.5 °C; the absolute accuracy of individual
measurements is estimated to be approximately 1 °C.
Samples were contained in 50 or 100 uL sealed glass capillary
pipettes and were held in the cavity by a specially constructed
holder.

Line widths were measured by shifting the field off reso-
nance, determining the base line, and then measuring the full
line width at half-maximum with respect to the base line.
Plotted values of both the line widths and the hyperfine
separations are the average of two measurements,

Numerical values for the parameters of the various
equations were derived by nonlinear least-square methods using
the nonlinear routines of the SAS package (Barr et al., 1976).

Results and Discussion

Spectral Parameterization. From Figure 1 it can be seen
that the apparent hyperfine splitting decreases substantially,
both as the rate of rotational motion increases, and as the
temperature increases. Goldman et al. (1972) have shown that
the rotational correlation time can be related to the apparent
hyperfine splitting, A..*, by the expression

4 %\
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where 7g is the rotational correlation time, a, and b, are
parameters derived from spectral simulation, and 24,0 is the
true hyperfine splitting in the absence of motion (i.e., the rigid
limit splitting). In the use of this equation, most workers have
assumed that the parameters a,, b, and A4,.° are independent
of temperature, and that the label is completely motionless
with respect to any macromolecular matrix. To correct for
such effects we use an empirical method for correlating g with
A,,. For solutions of known temperature and viscosity the
Stokes relation

Arriy
R 3kT

may be used to directly calculate the Hb rotational correlation
time where r is the effective Hb radius, » is the solvent vis-
cosity, k is Boltzmann’s constant, and 7 is absolute tem-
perature. Substituting this expression into eq 1 then permits
us to empirically relate the apparent splitting, 2A4,.*, to Tg even
in the presence of such nonideal labeling conditions as residual
label motion or temperature-dependent parameters.

Spin-labeled HbCO samples with differing viscosities were
prepared by dissolving the labeled HbCO into sucrose solutions
of different concentrations as described above. The values of
2A4,,* for these samples were then measured from the EPR
spectra at the three temperatures, 4.5, 25, and 45 °C, and the
inverse correlation times (tg™!) calculated from eq 2. Figure
2 shows the relationship between rg™! and 2A4,.* at the three
different temperatures and demonstrates the existence of a
strong intrinsic temperature dependence in the apparent
hyperfine separations. Equation 1 was fit to the data of Figure
2, allowing all three parameters a,, b,, and A4,,° to vary. The
exponent, b,, was found to be independent of temperature.
However the rigid limit splitting, 24,,% and the “slope”
parameter, a,, both exhibit substantial temperature depen-
dence. The various values and their uncertainties are given
in Table TA.
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FIGURE | Tempo-maleimide spin-labeled HbCO spectra under various
solution conditions. (a) Hb solution, 9.1%, in distilled water at 35
°C; (b) 7.2% HbCO in ~45% sucrose at 1.5 °C; and (¢) 9.1% HbCO
frozen in distilled water at =50 °C. Note that the hyperfine separation,
2A,,, decreases both as temperature is increased (compare the frozen
Hb spectrum at =50 °C (c¢) with the nearly immobilized one at 1.5
°C (b)), and as the rate of rotational motion increases {spectra a and
b). The hyperfine line widths, A; and 4, increase rapidly as the rate
of rotational motion increases (spectra a and b), but also increase due
to intrinsic broadening mechanisms for very slow rotational motion
or for complete immobilization (compare ¢ with b and a). Correlation
times shown are calculated from eq 8-10 as described in the text. 7g
for a is a weighted average (Wang et al., 1975) of the values calculated
from all three of the spectral parameters. Intrinsic broadening
mechanisms affect both line widths in (b); thus the correlation time
is calculated from only the apparent hyperfine separation (eq 8).

The temperature dependence of the rigid limit splitting is
shown in Figure 3. Parameterizing this dependence in the
form

AT =c+d/T (K) (3)

gives the straight (solid) line in Figure 3, from which it can
be seen that A,,° exhibits a nearly perfect 1/ T dependence over
the temperature range 3 to 45 °C. This strong temperature
dependence appears to result from hydrogen bond formation
between the N-O group of Tempo-maleimide and a proton
donor within the Tempo-maleimide binding site (M. Johnson,
to be published). Small amplitude librational motion of the
label may also contribute to this behavior (Johnson, 1978).

We have also studied the temperature dependence of the
rigid limit hyperfine separation, 24,,°, under conditions where
the HbCO molecules were directly immobilized by precipi-
tation in ammonium sulfate. These data are also shown in
Figure 3. In comparing these two sets of data, it is clear that
the temperature behavior of the rigid limit splitting is strongly
dependent on the mechanism of protein immobilization. The
splittings obtained from HbCO precipitated in saturated
ammonium sulfate exhibit a substantially flatter temperature
slope (dashed line) than do those obtained by viscosity ex-
trapolation. The viscosity extrapolation technique is preferred
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FIGURE 2: Correlation time calibration of the hyperfine separation,
2A4,.*. The symbols O, O, and A denote the values of 2.4,.* as
measured at 4.5, 25, and 45 °C respectively. Measurement accuracy
is approximately £0.3 G. !'is calculated from the Stokes relation
(eq 2) using a value of 32.3 X for the HbCO radius (Alpert & Banks,
1976) and calculating the viscosity from the relations of Barber (1966).
The solid lines shown are the parameterization of eq 1, derived by
least-square methods as described in the text.

Table I: Spectral Parameterizations

A. hyperfine separation regression?

24,,°
T(°C) (G) a, (102 gnb b,
4.5 70.64 = 0.08 8.57 + 1.34 1.18 £ 0.05
25 68.90 + 0.09 9.58 + 1.24 1.18 = 0.05
45 67.34 + 0.11 10.87 = 1.22 1.18 £ 0.05
B. line width regression®
TCC) m a,,° (G) @y, (105571 b
3.2 1 4.04:002¢ 1125:37 0.906 = 0.042
248 1 4.06+0.03¢ 112.5:37 0.906 = 0.042
446 1 4.24:0.03 112.5+3.7  0.906 + 0.042
32 h  420:013 65.6+5.1 1.43:0.10
248 n  432:0.14 65.6 5.1 1.43:0.10
446 h 451014 65.6=51 1.43:0.10

@ The values listed here are the result of a nonlinear regression in
which 4,,°and a, were allowed to assume independent values at
each temperature, but the exponent, b,, was required to maintain
a single value independent of temperature. Allowing b, to assume
independent values at each temperature yielded values which
were equivalent within the statistical uncertainty. Thus the
regressions were linked to yield a single, temperature independent,
value for b,. b The large uncertainty in this parameter reflects
extreme sensmv1ty to the value of the exponent, b,. If b, is
held constant and a two-parameter regression is used to determine
A,," and a,, the uncertainty in 4, is reduced by approximately
an order of magnitude. € The values listed here are the results
of nonlinear regressions in which A,,° was allowed to assume
independent values at each temperature, but the exponent, b,,,
and the “‘slope”, 4,,,, were required to maintain single values in-
dependent of temperature. Regressions for the low-field and
high-field lines were completely independent of each other. 4 The
values of A;° at 3 and 25 °C are statistically equivalent, but have
been considered separately for consistency with treatment of
high-field line-width temperature dependence.

for this parameterization since the sucrose solutions would be
expected to more closely approximate the native protein
environment than would saturated ammonium sulfate.

The behavior of the linear coefficient or “‘slope” parameter,
a,, is almost perfectly linear with temperature, and can best
be described as a straight line of the form

a(T) =ay+ aT (4)

Substituting 4,,%(7T) (eq 3) and a,(7) (eq 4) into eq 1 then
generates the solid calculated curves shown in Figure 2. From
a comparison of the calculated curves with the experimental
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FIGURE 3. Temperature dependence of the rigid limit hyperfine
separation, 24,,%. The symbols O and O denote values as determined
by viscosity extrapolation and ammonium sulfate precipitation, re-
spectively. Error bars for the ammonium sulfate precipitation data
are the estimated uncertainties of the individual measurements; the
viscosity extrapolation error bars are the standard errors of estimate
from the regressions. Both data sets follow a 1/ T dependence quite
closely, but exhibit substantially different slopes. The solid line is
from the least-squares regression of the viscosity extrapolated data;
the dashed line is from the regression of the ammonium sulfate
precipitated HbCO data. The viscosity extrapolation procedure is
considered preferable as the method for determining the rigid limit
hyperfine separation since it reproduces physiological conditions more
closely than does saturated ammonium sulfate.

data in this figure, it can be seen that this parameterization
fits the original data quite well, with no apparent systematic
discrepancies. These equations and the relevant parameters
are summarized for convenience in Table IIA.

From the spectra in Figure 1 it can also be seen that both
the low-field and high-field hyperfine extremal line widths
increase substantially as the rate of rotational motion increases
(spectra a and b), Mason & Freed (1974) have shown that
TR can also be related to the hyperfine line widths by the
expression

A\
rtl=a\ -1} m=1lnh (5)
m
£ ~ . I+
LCw e‘d _iTew .S
8
/
o %//é/ /Q 4
I R /1‘ ~~~~~~ ?/ ------ //
- 5 7 /
PR °
3 /
] IS)
%} 4
o)
251
=
= N
o
< T T T T T
25 4 45 5 55 &

Linewidtn (Gauss)

Table II: Final Parameterization Equations

A. hyperfine separation

* 1.18
Azz

TR"=a2(DG— (106 s7H
22

a,(T) =826 + 5.68T (°C) X (10° s71)

24,,°%(T) = 44.7 + 7200/T(K) (G)

B. line widths

Ap* bm
-1 _
TR T9%m A 0("
m (T

a;=1.125 X 10% s7*, b; = 0.906

4)°(T)=4.038 + (5.564 X 10'%) exp(~10560/T (K)) (G)
ap=6.56 X 107 57!, by = 1.43

Ap(T) = 4.11 + 7580 exp(-3134/T (K)) (G)

where a,, and b, are parameters derived from spectral sim-
ulation, A, are the hyperfine line widths in the absence of
motion, A, * are the hyperfine line widths in the presence of
motion, and m is the index referring to either the low-field (A
or high-field (A,) lines.

Measuring the values of A, * as a function of 7g at the three
temperatures 5, 25, and 45 °C then gives the data shown in
Figure 4. Equation 5 was fit to these data, allowing the three
parameters a,,, b,,, and A,* to vary for each of the hyperfine
lines (i.e., the regressions for the low-field and high-field lines
were done independently). For very slow rotational times (g™}
< 3.5 us7!), the line widths appear to increase again as the
rate of rotational motion decreases. (See particularly the
low-field line width inset in Figure 4.) For this reason, only
the relatively rapid motion data (rg™! > 3.5 us™!) were used
in the parameterizations. The exponents, b,, and the pa-
rameters, a,,, exhibited no apparent temperature dependence.
The rigid limit line widths, A and A,°, however, both exhibit
a significant degree of temperature dependence as shown in
Table IB.

It should be noted that the rigid limit line widths also depend
strongly on the technique used to measure them. Freezing the
HbCO solution provides a more direct technique for immo-
bilizing the HbCO molecule than does the viscosity extrap-
olation. However, from Figure 1 it can be seen that the
hyperfine line widths in the frozen solution (=50 °C) are even
broader than those of the HbCO solution at 35 °C and are

Hignfiele Lirewidths

(usec)™

Linewidth (Gauss)

FIGURE 4: Correlation time calibration of the hyperfine line widths, A* and A,*. The symbols O, O, and A denote the line width values as
measured at 3, 25, and 45 °C, respectively. Measurement accuracy is approximately £0.05 G for A* and £0.1 G for Az*. 757! is calculated
as described for Figure 2. The solid lines shown are the parameterizations of eq 5, derived by the least-square methods given in the text. The
insets show an expanded view of the very slow motion data. The deviation of the slow motion (rg! < 3.5 X 10 s7!) data from the parameterization

lines is apparently due to intrinsic broadening mechanisms.
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FIGURE 5: Temperature dependence of the viscosity extrapolated rigid
limit line widths. The symbols 0 and © denote the values of A%(T)
and A,%(T), respectively. Error bars are the standard estimates of
error. The solid lines are the solutions to eq 6.

substantially broader than those of the HbCO-sucrose solution
at 1.5 °C. The most plausible sources for this “excess” line
broadening in frozen HbCO are electron—nuclear hyperfine
interactions between the electron and the protons of the spin
label and its host and heterogeneity of the spin-label envi-
ronment within the HbCO molecule (Freed, 1976). These
mechanisms will be referred to hereafter as “intrinsic
broadening mechanisms”, to distinguish them from motionally
induced broadening or paramagnetically induced broadening.
Freed (1976) has noted that much of this intrinsic broadening
will be rapidly averaged with the onset of molecular motion.
Thus it is probably also these intrinsic broadening mechanisms
which produce the increases in line width at very slow ro-
tational rates (7g < 3.5 s7!) as seen in the insets of Figure 4.
This suggests that the viscosity extrapolation effectively permits
averaging of some of the intrinsic broadening interactions,
while freezing the solution provides a truly immobilized protein
with all of the intrinsic broadening mechanisms present. The
viscosity extrapolation technique for measuring these pa-
rameters would thus appear to be the most appropriate since
correlation time measurements will necessarily be made in the
presence of rotational motion.

The temperature behavior of the viscosity extrapolated rigid
limit line widths is shown in Figure S, where it can be seen
that the dependence is distinctly nonlinear. This change in
rigid limit line width has previously been shown to be the result
of residual label motion within the Hb label binding site
(Johnson, 1978). Since the line width increase is the result
of a thermally induced increase in the amplitude and/or
frequency of librational motion, we might expect the line-width
temperature behavior to follow the general form

ANT) = f + ge™T,m=1,h (6)

The appropriate solutions to this equation (i.e., the values of
the parameters f,,, g.» and «,,) were calculated from the A,°
data (Table IB) and are shown as the solid lines in Figure 5.
The quality of fit for this equation is not estimated since the
three data points provide an exact solution to the three-pa-
rameter equations.

Substituting eq 6 into eq 5 then generates the solid lines
shown in Figure 4. From this figure it can be seen that these
parameterizations fit the original data quite well for values
of 7g™' & 3.5 us™!. For very slow rotational motion, where 757
< 3.5 us™!, the intrinsic broadening begins to appear and the
parameterizations are no longer accurate.

JOHNSON
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FIGURE 6: Temperature comparison of Hb rotational rates calculated
from spectral parameters with the Stokes relation. The symbols O,
O, and A denote values of 75! as calculated from A, Ay*, and 24,,*,
respectively. The upper (open symbols) and lower (solid symbols)
data sets correspond to samples of 3% HbCO in 14.4% and 33.3%
sucrose, respectively. The solid lines are calculated from the Stokes
relation (eq 2). The ¢~ values as calculated from A* and A,* are
respectively offset by —0.5 and +0.5 ®C from their true temperatures
to prevent overlap of error bars.

In comparing the relative precision of each of the par-
ameterizations, the approximate uncertainties, 8(1/7g), in the
calculated values of 1/ are

0(An*) L
8,(1/1R) =~ a,, 1o m = I, h (line widths) (7a)

m

8(A*)

0
2z

8,(1/7g) =~ a, (hyperfine separation) (7b)

where 6(A,*) and 6(A,,*) are respectively the measurement
uncertainties of the hyperfine line widths and hyperfine
separation. Assuming measurement uncertainties similar to
those of the data in Figures 2 and 4 gives uncertainties of
8(1/mg) ~ £1, 1.5, and 3-5 us™! for the high-field line-width,
low-field line-width, and hyperfine separation calculations,
respectively. The high-field line-width calculation thus appears
to offer the highest precision, followed in order by the low-field
line-width and the hyperfine separation calculations. A
weighted average of these calculations should then give the
best value. (For relatively slow motion, however, the line-width
and hyperfine separation calculations should be compared to
ensure that intrinsic broading mechanisms are not producing
errors.)

Test Comparisons. In order to test the validity of our
parameterizations of the above temperature dependencies, we
compare the temperature dependence of HbCO rotational rates
as determined from the EPR spectra with the rates as predicted
by the Stokes relation (eq 2). The upper and lower curves in
Figure 6 are from 3% HbCO in 14.4% and 33.3% sucrose
solutions, respectively. It can be seen that the three par-
ameterizations are quite consistent with each other; the
calculated values of 1/7y overlap within calculated uncertainty
for all except one of the temperature/viscosity measurements.
This discrepancy occurs at ~2.4 °C for the 33% sucrose
solution where the low-field line-width calculation gives a value
of rg! significantly higher than that of the other two cal-
culations. This discrepancy apparently results from the in-
creased intrinsic broadening which appears at slow rotational
rates. This emphasizes the necessity of checking the different
calculations for consistency. The spectral calculations also
appear to agree quite well with the rotational behavior pre-
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FIGURE 7: Temperature comparison of the Hb rotational rates as
calculated from the different spectral parameterizations. The symbols
O, O, and A denote values of rg™! as calculated from A*, Ay*, and
2A4,.*, respectively. Error bars result from measurement uncertainty
only and do not include any effects from the parameterizations
themselves. The rg™! values as calculated from A* and A,* are
respectively offset by 0.5 and +0.5 °C from their true temperatures
to prevent overlap of error bars.

dicted by the Stokes equation (the solid lines in Figure 6). The
only significant discrepancy occurs for high temperature (T
> 40 °C) measurements with the 33% sucrose solution, where
the spectral calculations suggest a slightly more rapid rate of
rotational motion than is predicted by the Stokes relation. This
discrepancy probably has little practical importance, however,
since few measurements would be made at such high tem-
peratures due to problems of thermal denaturation.

The temperature dependence of rotational motion in a
concentrated HbCO solution, shown in Figure 7, gives us a
further comparison of the parameterization methods. Again
we see that the low-field line-width calculation gives us a 75!
value which is anomalously large for slow motion at low
temperature. There also appears to be some difference in the
rotational rate as predicted from the hyperfine separation and
from the line widths. From approximately 5 to 35 °C, the
hyperfine separation suggests a very slightly higher rotational
rate than does either of the line widths; at about 40 °C and
above the disagreement between the two methods becomes
fairly substantial, with the hyperfine separation giving 75!
values ~20% larger than those from the line widths. This
discrepancy may be due to differing solution conditions be-
tween the buffered HbCO solution and the desalted sucrose
solutions in which the parameterizations were done. We have
previously shown that the magnitude of line broadening due
to librational motion is sensitive to solution ionic strength
(Johnson, 1978). Thus the 0.05 M phosphate buffer in the
concentrated HbCO solution may be reducing the librational
broadening. Reducing the librational broadening in the A, %(T)
parameters of eq 5 by ~30% (~0.15 G) would, in fact, be
sufficient to give agreement over the full temperature range.
It is also possible that the solution ionic strength may affect
the hyperfine separation. However, one would expect such
an effect to produce a decrease in the 75! calculations when
compared with the line-width calculations, rather than an
apparent increase as seen here. Although the high temperature
data demonstrate the existence of a discrepancy between the
different calculations, the discrepancy is fairly small over
reasonable temperature ranges (0 to about 38 °C) and thus
is probably not too important for practical measurements.

Paramagnetic Effects. In some applications it may be
desirable to measure macromolecular rotational rates in the

PARAMAGNETIC EFFECTS
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FIGURE 8: Spectral effects of paramagnetic agents. The left vertical
axis denotes the increase in A* and A,* as Ni concentration increases;
the right vertical axis denotes the corresponding decrease in 24, *.
The Hb samples were desalted and held at a constant 9.1% con-
centration at 1.4 °C,

presence of paramagnetic agents. An example of the effects
of such an agent upon the spin-label spectral behavior is shown
in Figure 8. From this figure it can be seen that the A, *
increase substantially, while A4,,* decreases to a somewhat
smaller extent in the presence of NiCl,. The rapid change in
these parameters between 0 and 10 mM NiCl, concentration
may indicate the presence of an Hb—Ni binding site near the
{393 spin-label location. The change in all of these parameters
is in the same direction as would be observed for a substantial
increase in rotational motion. For low concentrations of
paramagnetic species, where the line-width and splitting
changes are small, it would thus be fairly easy to confuse
paramagnetic effects with changes in rotational rate. Oxygen,
in particular, would be one of the most important sources of
such error. Under atmospheric conditions oxygen appears to
produce ~0.1-0.2 G line broadening. Even these small
changes can be of significance for very detailed comparisons
of motional states.

However, at relatively higher paramagnetic species con-
centration, the rotational rate calculations using the par-
ameterizations described above would give conflicting results
from the different parameters. Therefore, by use of the
methods presented here, it may be possible to identify
paramagnetic effects and make appropriate corrections for
calculating motional rates from such data.

Conclusions

We have studied the temperature dependence of several
spectral parameters of a spin label tightly bound within a
macromolecule, both in viscous media and in precipitated form,
and have developed the parameterization techniques described
above to provide a simple and fairly straightforward method
for using spin labels to study rotational motion in macro-
molecular systems.

The rate of rotational motion has been shown to be related
to the apparent hyperfine separation and to the hyperfine
extremal line widths by the following three equations:

A\
! =a(D| 1~ ;;T) ®)
A bi
l=gq -1 9
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Ay o
TRWl = a4y AhO(T) -1 (10)

The basic forms of these equations have been taken from the
theoretical calculations of Goldman et al. (1972) and Mason
& Freed (1974). The temperature dependencies of the pa-
rameters a,(7T), 4,,%(T), A%(T), and A,%(T) were obtained by
basically a two-step process, first extrapolating the hyperfine
separation and extremal line widths to infinite viscosity to
obtain numerical values for their rigid limit values, and for
the “slope” parameters, a., a;, and «,. Linear and exponential
equations were then used to develop empirical relationships
for the temperature dependencies of the various parameters.
The appropriate values are summarized in Table I1.

Of the three spectral parameters, the high-field line width,
Ay*, appears to be most sensitive to rotational motion.
However, it also appears to be the parameter most sensitive
to librational motion and thus requires a careful determination
of the rigid limit line-width temperature dependence, 4,%(7).
The low-field line width, A*, is easier to measure in dilute
samples due to its narrower width (and thus, better signal-
to-noise ratio) and appears to be somewhat less affected by
librational motion. However, it is also less sensitive to intrinsic
broadening mechanisms than the high-field line width. The
hyperfine separation, 2.4,.*, has the disadvantages of being
substantially less sensitive to rotational motion than either of
the line widths, and of being highly temperature dependent.
On the other hand, it does have the advantages of apparently
being unaffected by intrinsic broadening mechanisms and of
being less sensitive to librational motion and paramagnetic
interaction effects than either of the line widths. Thus, for
measuring rotational motion, the line widths provide the most
sensitive monitors, with the hyperfine separation also valuable
as a consistency check for the presence of intrinsic broadening,
librational motion, or paramagnetic interaction effects.
Deuteration of the nitroxide ring should substantially improve
both the sensitivity and accuracy of measurements in the slow
motion region.

Deriving the various parameters through viscosity ex-
trapolation is somewhat tedious, but has the advantage over
other methods that it yields values appropriate to experimental
solution conditions. For more accurate parameterizations it
would probably also be advantageous to use buffered solutions,
rather than using distilled water—sucrose solutions. This would
permit the standardization to be done under ionic strength

JOHNSON

conditions similar to those of the experiment of interest.
The methods outlined here are particularly useful for
comparative studies and have recently been shown to be
sufficiently sensitive to detect sickle Hb aggregation even in
the fully carbonmonoxyheme-liganded state (Johnson &
Danyluk, 1978). Other applications are in progress. Work
is also in preparation to adapt these methods to nonspherical
systems where anisotropic motion will be of importance.
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